Introduction
The addition of a 1,3-dipole, a system of three atoms over which four π electrons are distributed, to a dipolarophile, typically an alkene or alkyne, is the most commonly used synthetic method for forming five-membered heterocyclic molecules. The mechanism for these [3+2] reactions has been the subject of numerous articles and remains an open problem in physical organic chemistry (1) (2) (3) (4) (5) (6) (7) . Originally, Huisgen (8) (9) (10) proposed a concerted, single-step mechanism with the two new bonds partially formed at the transition state, akin to that for the Diels-Alder cycloaddition. Shortly thereafter, an alternative two-step mechanism involving a biradical intermediate was presented by Firestone (11) (12) (13) (14) . Since then, much work (1-7) has focused on distinguishing between the two mechanisms and, as Firestone originally alluded to (11) , a duality of mechanism appears to exist. The majority of the initial explorations of Huisgen et al. (15) (16) (17) (18) (19) (20) centered around the nitrilimine 1,3-dipole (R 1 CNNR 2 ) for which the cycloaddition reactions are commonly believed to proceed via the concerted mechanism (7, 21, 22) . Interestingly, no theoretical studies of an alternative pathway have been reported, even though this 1,3-dipole is at the heart of the original mechanism debate (9, 11, 23) .
The nitrilimine 1,3-dipole is normally formed in situ as a transient, highly reactive species, which tends to dimerize, forming either dihydrotetrazines or bis(azo)ethenes, but in the presence of either electron-rich or electron-poor dipolarophiles, it readily undergoes [3+2] cycloadditions (24, 25) . Stabilized nitrilimines also have been synthesized and they generally exhibit similar reactivity to their transient counterparts. Slight modifications of the substituents on the stabilized nitrilimine, though, have revealed that the philicity can be modified, with some nitrilimines acting strictly as nucleophiles and others as electrophiles (25, 26) . A second important factor for the nitrilimine cycloaddition reactions is their regioselectivity, since the addition to unsymmetric dipolarophiles can result in two possible regioisomeric products. Nevertheless, nitrilimines appear to be highly selective with the newly formed bond to the carbon terminus typically with the less-substituted atom of the dipolarophile (24) . Still, a recent study has revealed that changing the C-substituent of nitrilimine, from Br to H, results in an unexpected complete reversal in regioselectivity (27) .
Employing resonance theory, Huisgen (28) explained the observed [3+2] reactivity in nitrilimines and related systems, and generalized the 1,3-dipole concept. For nitrilimines, several resonance structures have been invoked to explain their reactivity and electronic structure (Scheme 1) (28) (29) (30) (31) . In his original formulation, Huisgen (28) suggested that the electron sextet structures, the dipolar (RS-D) and carbenic (RS-C) forms, make only small contributions to the electronic structure of any 1,3-dipole owing to the lack of octet stabilization, but it was still this minor contribution that directed the course of reaction. In a recent study (32) , 4 we evaluated the weights of various resonance contributions for a series of nitrilimines, using density functional methods combined with natural resonance theory (33) (34) (35) , and found that the RS-D and RS-C structures were considerably more important than previously believed, and were even the dominant contributors in all systems studied. More interestingly, for some cases such as diaminonitrilimine (R 1 = R 2 = NH 2 ), RS-C was by far the primary resonance form.
The most fundamental of cycloadditions, a [1+2] reaction, occurs between carbenes and alkenes forming cyclopropanes (36, 37) . Many carbenes are ambiphilic, reacting with both electron-rich and electron-poor alkenes, but varying the substituents can induce either electrophilic or nucleophilic behaviour exclusively (38) . The mechanism for this fundamental reaction has been extensively studied (39) (40) (41) (42) (43) , and theoretical studies suggest that the reaction between singlet carbenes and alkenes is a highly asynchronous yet concerted process, which was recently confirmed by kinetic isotope effect experiments (41) . Given the significant carbene character contribution to the electronic structure in nitrilimines for certain substituents, it may be possible to observe [1+2] type reactivity.
In this paper we explore the [3+2] and [1+2] cycloaddition reaction pathways (Scheme 2) between ethene and nitrilimine, examining the effects of C-substitution, N-substitution, and symmetric C,N-disubstitution with CH 3 , NH 2 , OH, and F, and show that the [1+2] reaction path is an integral part of the early stages of the [3+2] mechanism. To the best of our knowledge, this is the first study of the [1+2] reaction in nitrilimines and the first attempt to examine systematically the effects of nitrilimine substituents on the [3+2] reaction.
Computational methods
All calculations were carried out using the GAUSSIAN 98 suite of programs (44) . The minima for all reactants and products, as well as transition-state (TS) stationary points, were obtained using the Perdew-Burke-Ernzerhof (PBE0) hybrid density functional (45) (46) (47) and a relatively large 6-311++G(2df,pd) basis set (48, 49) . The nature of all stationary points was confirmed by vibrational analysis and the relative energies reported throughout include unscaled zeropoint energy corrections. A stability analysis was performed on all stationary points to confirm that a lower energy broken-symmetry solution did not exist. Additionally, for reactions of the unsubstituted nitrilimine, biradical structures were explicitly searched for, 5 but in all calculations only closed shell structures could be obtained. Intrinsic reaction coordinate (IRC) calculations (50, 51) , using mass-weighted Cartesian coordinates, were performed to confirm the relationship between TS structures and reactants and products.
Molecular geometries and energetics of cycloaddition reactions

Reactions of unsubstituted nitrilimine
Results for the [3+2] and [1+2] cycloaddition reactions between ethene and unsubstituted nitrilimine are collected in Table 1 and in the Supplemental material. 6 The results for the [3+2] reaction are in good agreement with a recent study at the B3LYP/6-31G(d) level of theory (7) . The distances predicted by PBE0/6-311++G(2df,pd) are consistently smaller than the B3LYP values, by ca. 1% on average, but exhibit the same changes along the reaction coordinate. As expected, both methods predict a highly exothermic reaction and only a small barrier. With PBE0/6-311++G(2df,pd) the product is 5.1 kcal mol -1 more stable and the barrier is 0.38 kcal mol -1 lower than with B3LYP/6-31G(d). 7 In the earlier study, single point calculations at the CCSD(T)/6-311G(d,p) level, using B3LYP/6-31G(d) geometries, were also reported (7) . Using the same approach with the PBE0/6-311++G(2df,pd) geometries, we find an even better agreement, with the above differences reduced to 0.3 and 0.06 kcal mol -1 , respectively. While there are no previous studies of the [1+2] cycloaddition reaction for comparison, the TS geometry involving the nitrilimine resembles those for the addition of dichlorocarbene and difluorocarbene to ethene (42) in that all cycloadditions are highly asynchronous.
The and the C5-C4-C3-N2 dihedral angle (88.5°vs. -0.3°). The high asynchronicity of bond formation in the [1+2] TS is obvious, as both newly formed bonds have the same length in the product. Based on geometrical arguments, i.e., the ratio between the bond length in the product and the interatomic distance in the TS, bond formation is 76% complete for the C3-C4 and 60% complete for the C3-C5 bond at the TS. In the [3+2] TS structure, the C3-C4 distance is shorter than the N1-C5 distance, while the reverse is found in the product, demonstrating that the reaction is also significantly asynchronous, with the C3-C4 bond 66% formed and the N1-C5 bond 60% formed. While the N1-C5 bond in the [3+2] TS and the C3-C5 bond in the [1+2] TS are formed to the same extent, C3-C4 bond formation has proceeded further in the [1+2] TS, consistent with the Hammond postulate (52) , where a later transition state is associated with a higher barrier and a less exothermic reaction (the relative energies for the two products (∆ 2 -pyrazoline and azocyclopropane) are -60.5 and -35.5 kcal mol -1 , respectively).
Reactions of substituted nitrilimines
Naturally, all [3+2] products studied are more stable than their [1+2] counterparts and substitution increases the exothermicity of both reactions. 6 However, as observed for unsubstituted nitrilimine, both reaction paths have rather small barriers and fall under kinetic control (Table 1) . To explore the effects of substitution, selected geometric parameters for the TS structures and relative barrier heights (E a ) for the two cycloaddition pathways are given in Table 1 In all cases, the C3-C4 bond is formed to a larger extent than either the N1-C5 bond in the [3+2] TS or the C3-C5 bond in the [1+2] TS, demonstrating that both reactions remain asynchronous for substituted nitrilimines. The degree of asynchronicity, as measured by the difference in the extent of formation of the two new bonds, varies from 8% ( (41) and, like the reactions of the unsubstituted nitrilimine, the N1-C5 bond of the [3+2] TS and the C3-C5 bond of the [1+2] TS have virtually the same degree of formation, differing by no more than 2% with respect to one another. However, the extent of C3-C4 bond formation in the two TS structures is affected differently by substitution. In the majority of cases, the difference in % C3-C4 bond formation between the two TS structures is ca. 11%, but in four systems (R 1 = H, R 2 = NH 2 ; R 1 = H, R 2 = OH; R 1 = H, R 2 = F; and R 1 = R 2 = F) the difference is no more than 6%.
According to the Hammond postulate, the reaction rate should be related to the position of the transition state along the reaction coordinate (52) . The reaction coordinate for carbene cycloadditions, as defined by Keating et al. (41) , is the distance between the carbene carbon and the midpoint of the alkene double bond. Similarly, the reaction coordinate for the [3+2] cycloaddition reaction can be defined as the distance between the C3-N2-N1 incentre (the geometric midpoint of the C3-N2-N1 fragment) and the midpoint of the alkene bond. We will use these two approximate reaction coordinates, denoted r rxn ( tion coordinate, yet r rxn is considerably more representative of the reaction than either r N1-C5 or r C3-C4 , which correlate poorly with E a (r 2 = 0.56 and 0.60, respectively). For the [1+2] reaction, the correlation coefficient (r 2 = 0.947) indicates that r rxn captures the majority of the features of the full reaction coordinate. However, the correlation between E a and r C3-C4 is even better (r 2 = 0.966, Fig. 1c) , suggesting that the [1+2] reaction is fully controlled by the approach of the nitrilimine carbon to only one ethene carbon atom.
Properties governing nitrilimine reactivity
According to the Hammond postulate (52), the low barrier heights and large reaction exothermicities indicate that both reactions are characterized by early transition states. This suggests that variations in reactivity largely depend on the properties of the reactants. Accordingly, in this section we examine the relationship between the properties of nitrilimines and their reactivity.
Frontier molecular orbitals
Frontier molecular orbital theory (FMO) has been extensively used to explain reactivity and regioselectivity in both [3+2] 1,3-dipolar (53, 54) and [1+2] carbene (55) cycloaddition reactions. Simplified representations of the important molecular orbital interactions between the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) of ethene and either a dipole (a-b-c) or a carbene (R 1 -C-R 2 ) are given in Scheme 4. As noted in previous studies, the major effect of substitution is a change in orbital energy, while the orbital shapes retain the same qualitative features (54, 56) . To identify the proper orbitals of nitrilimine involved in the two reactions, the four highest occupied and two lowest unoccupied Kohn-Sham orbitals of unsubstituted nitrilimine are shown in Fig. 2 . All have pseudo-π symmetry (there is no strict σ-π separation in the C 1 symmetrical molecules) and can be characterized as either π CN or π NN . According to Scheme 4, the nitrilimine Both nitrilimines and carbenes are generally described as ambiphilic, reacting with both electron-rich and electronpoor alkenes, but varying substituents can induce either exclusive electrophilic or nucleophilic behaviour (24, 25, 37, 38) . In FMO terms, electrophilic behaviour is attributed to systems where the HOMO dipolarophile -LUMO dipole energy difference is smaller, nucleophilic behaviour to systems where the HOMO dipole -LUMO dipolarophile energy difference is smaller, and ambiphilic behaviour corresponds to situations in which both energy differences are similar (53, 54). The energy differences associated with the four main orbital interactions (A-D, Scheme 5) between ethene and the various nitrilimines are given in Table 2 . In the majority of cases, the smallest energy difference is ∆E B , but in four systems (R 1 = OH, R 2 = H; R 1 = F, R 2 = H; R 1 = R 2 = OH; and R 1 = R 2 = F) ∆E C is lower, and only in one (R 1 = H, R 2 = F), ∆E D is the smallest. Despite the swap in the character of the lowest energy orbital interaction, the next lowest orbital energy difference is generally within ca. 1 eV and corresponds to an interaction of opposite character, consistent with the known ambiphilic reactivity of most nitrilimines (24) . Exceptions where the two lowest energy interactions exhibit the same character appear for N-fluoro substituted nitrilimines (R 1 = H or F, R 2 = F). The relative energy of a transition state for a reaction with a small barrier and large reaction exothermicity can be predicted from the relative energy of a weakly interacting complex. The original derivation of the equation for this interaction energy was given by Salem and contained three terms, representing closed shell interactions, coulombic interactions, and orbital overlap (57) (58) (59) . In many implementations, though, the first two terms are commonly neglected and the relative energy of the complex is predicted from the orbital overlap alone (53, 54) − ε where the denominator is the energy difference between the FMOs involved in the interaction and the numerator contains products of the atomic orbital coefficients at the centres where the two bonds are formed, and the resonance integral (β) is a measure of the interaction strength. These equations can readily be expanded to include additional orbital interactions. Since the ethene orbitals are the same throughout and the shapes of the nitrilimine orbitals are qualitatively similar (32) , one may assume that the atomic orbital coefficients are relatively constant, and their products may be approximated by a general factor (K). Additionally, the distance between the interacting centres is moderately invariant (Table 1) , and so β may also be considered constant. A similar approach has been used to explain the effects of substitution on the reactivity of phenylazide (54) . Applying these approximations results in simplified eqs. [3] and [4] for the [3+2] and [1+2] interaction energies, respectively. (Fig. 3a, eq. [5] ). The best correlation (r 2 = 0.794) for the [1+2] reaction barrier is for 1/∆E C + 1/∆E D , both of which involve an unoccupied orbital of nitrilimine interacting with the HOMO of ethene (Fig. 3b, eq. [6] ). As the relationships in eqs. [5] and [6] are linear, the differences in barrier heights (∆E a ) between the [1+2] E a and the [3+2] E a can be approximated by eq. [7] for which results are plotted in Fig. 3c . Since the assumption of a constant numerator can not be expected to hold in the combined relationship, the correlation is slightly worse (r 2 = 0.740) than those for the individual relationships. None of the other potential combinations of individual relationships results in a reasonable correlation. 
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Resonance contributions
Huisgen (28) recognized early that any molecule that can be ascribed a 1,3-dipolar resonance structure could undergo a [3+2] reaction. Recently, we assessed the weights of the individual resonance contributions of nitrilimine and found that the 1,3-dipolar RS-D and the carbenic RS-C structures (Scheme 1) are the dominant contributors, consistent with the reactivity previously noted (32) 4 . Relationships between the 1,3-dipolar resonance contribution and the [3+2] E a , and between the carbene resonance contributions and the [1+2] E a , are given in Fig. 4 for the various nitrilimines. As expected, the carbene character of the different nitrilimines is well-correlated (r 2 = 0.987) 8 with the [1+2] barrier heights (Fig. 4a) . On the other hand, there is no relationship (r 2 = 0.319) between the various [3+2] barrier heights and the 1,3-dipolar contribution (Fig. 4b) , and even the slope of the trend line is opposite to that expected, suggesting that the 1,3-dipolar resonance structure is not a factor in the observed nitrilimine [3+2] reactivity. Interestingly, contributions from the 1,3-dipolar resonance form (RS-D) show a good correlation (r 2 = 0.935) 8 with the nitrilimine [1+2] barrier height (Fig. 4c) , with the slope of the trend line opposite to that for the RS-C relationship, implying that an increase in 1,3-dipolar character disfavours the [1+2] pathway.
The nitrilimine cycloaddition mechanism
Considerable uncertainty still surrounds the 1,3-dipolar cycloaddition mechanism (1-4, 6 ). Two mechanisms have been proposed: (i) a concerted, single-step process with the two new bonds partially formed at the transition state (8-10, 60); and (ii) a two-step process with initial biradical formation followed by bond rotation and ring closure (11) (12) (13) majority of 1,3-dipolar cycloaddition reactions are believed to proceed via a concerted mechanism (23), although there are now several reports of reactions with a biradical mechanism (1, (61) (62) (63) (64) (65) .
For the nitrilimine [3+2] reaction, neither mechanism can be readily adopted. As previously mentioned, all calculated TS structures were stable with respect to a broken-symmetry solution to the wave function and no biradical TS could be located. Therefore, a biradical mechanism must be ruled out. From electronic structure considerations, we noted that [3+2] reactivity was not related to the changes in contributions from the 1,3-dipolar resonance structure, RS-D (Scheme 1), but was partially controlled by FMO interaction A (Scheme 5), formally a carbene-type orbital interaction, and an increase in the RS-D contribution resulted in higher [1+2] reaction barriers. Additionally, the fundamental differences between the two TS structures are the C3-C4 interatomic distance, which is slightly shorter in the [1+2] TS, and the C5-C4-C3-N2 dihedral angle. The difference in the dihedral angle between the two TS structures is linearly dependent (r 2 = 0.842) on the weight of the RS-C contribution, with the difference diminishing as the %RS-C increases. Considering that both reaction pathways evolve from the same starting point and the only difference is the orientation of approach (i.e., the C5-C4-C3-N2 dihedral angle), it is not surprising that the [3+2] reaction may involve some characteristics of a [1+2] reaction, especially in the early stages of the reaction. In the following, we suggest that the two reaction paths are not independent, but that the overall mechanism is a combination of the two pathways.
A relaxed potential energy scan was performed for the unsubstituted nitrilimine attacking ethene, varying the C5-C4-C3-N2 dihedral angle from 90°to 0°and the C3-C4 distance from 2.7 to 2.0 Å (Fig. 5) . At large internuclear distances (2.7 Å), the [1+2] approach is favoured by 0.65 kcal mol -1 and there is a barrier to rotation of 0.85 kcal mol -1 at a dihedral angle of about 15°. As the C3-C4 distance decreases, the barrier to rotation steadily increases, while the location of the barrier shifts to larger dihedral angles. At a C3-C4 distance of 2.0 Å, corresponding to the distance at the [1+2] TS, the barrier to rotation is 1.29 kcal mol -1 at a dihedral angle of 50°. The [1+2] pathway is favoured up to about 2.3 Å. Beyond 2.3 Å, the [3+2] pathway steadily becomes more favourable as product formation begins, while the [1+2] approach results in an increase in energy until the TS at about 2.0 Å. Although the calculated energy differences are relatively small and generally within what may be considered the error limits of the model chemistry, it has been shown that the PBE0 functional is capable of reproducing experimental conformational equilibria that are a result of even smaller energy differences (66) .
Obviously, many factors have been ignored, such as zeropoint energy corrections and entropic factors, but both pathways should have comparable contributions since they are part of the same bimolecular process. Also, in the initial stages of reaction, the majority of approach trajectories (~90%) 9 result in the [1+2] pathway, highlighting the high statistical probability for this pathway. Therefore, as a general mechanism for nitrilimine cycloadditions, a statistically and possibly thermodynamically favoured initial carbenetype attack occurs, up until a specific C3-C4 internuclear distance where the [3+2] reaction pathway becomes favoured, and a ridge-type bifurcation takes place with rotation about the C3-C4 bond axis (Fig. 5) . The final product is typically still the thermodynamically, and for the most part kinetically, favoured ∆ 2 -pyrazoline, but the regio-and stereo-selectivity observed in the final product is a result of: (i) the initial carbene-type approach; and (ii) the position of the bifurcation region, which is a function of the difference in barrier heights for the two pathways (∆E a ) and the magnitude of the rotation barrier. Recall that a [1+2] TS structure was not obtained for three systems (R 1 = NH 2 , R 2 = H; R 1 = R 2 = NH 2 ; and R 1 = R 2 = OH). Inspection of the potential energy surface in the region of the [3+2] and [1+2] TSs for these systems reveals that there is no barrier to rotation, hence no ridge-inflection point, and therefore a [1+2] TS cannot be located. For diaminonitrilimine (R 1 = R 2 = NH 2 ), this is fully consistent with its description as a (possibly) stable carbene (32), 4 ,10 whose large nucleophilic character prevents its [1+2] addition to electron-rich alkenes. 
Conclusion
